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Abstract—This paper presents the design of a 3D-printed flat 
graded-index lens based on ray optics. The lens is comprised of 
several concentric dielectric rings with bespoke relative 
permittivities for transforming spherical waves into plane waves. 
3D-printing was used to fabricate this lens with graded and 
tailored dielectric properties in a single process. The 3D-printed 
flat lens is low-cost and light-weight, but provides broadband and 
high gain performance. Measurement results show that the 
realised gain of the lens is 8 to 10 dB over the frequency band 
ranging from 12 to 18 GHz.   
Keywords—ray optics, flat lens, graded index lens, 3D-printing, 
additive manufacturing. 
I.  INTRODUCTION 
In recent years, a variety flat lens antennas have been 
designed based on field transformation, transformation optics, 
ray optics approaches and transmit-array [1]–[7]. The lenses 
have been designed to transform plane wave fronts into 
spherical wave fronts and vice versa. Antennas benefit from 
the lenses by realising a wide angle scanning, high gain, and 
formed beam.  
The lenses are generally designed with radially varying 
reflective indices to manipulate the propagation of 
electromagnetic (EM) waves. For practical fabrication, the 
lenses often comprise several different materials with bespoke 
EM proprieties. However, these materials may not be 
available in commercial off-the-shelf (COTS) form, which 
means it is difficult to source ready-made materials that are 
available for sale to the general market.  Moreover, it is 
challenging to vary the dielectric properties with location. 
Therefore, material fabrication is one of the major challenges 
for lens antenna applications. A number of methodologies 
have been investigated for synthesising materials with tailored 
EM properties for use in lenses [8]–[12]. The main approach 
of fabricating these lenses has been based on metamaterials, 
which suffer from narrow bandwidth, losses and dispersion 
[13]. Moreover the fabrication processes of the metamaterials 
based lenses are cumbersome at best.  
This paper presents a novel wideband flat graded-index 
(GRIN) lens with a practical fabrication approach using 3D-
printing. The 3D-printing is an additive manufacturing 
technique which creates 3D-objects in successive layers. In 
this work, a fused deposition modelling (FDM) Makerbot® 
Replicator™ 2X 3D-printer was used to fabricate the flat lens. 
Thermoplastic Polylactic acid (PLA) was used as the print 
material. The heated printer nozzle extruded the PLA material 
and created the lens layer by layer from the bottom up. This 
process enabled the fabrication of embedded micron-scale 
particles such as air voids in a single process without 
machining. Our previous research has demonstrated the 
viability of this approach for rapidly fabricating dielectric 
materials with different relative permittivities 𝜺𝜺𝒓𝒓 by using 3D-
printing [14]. By introducing air voids into the host materials, 
the effective permittivity 𝜺𝜺𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 of the mixture was determined 
by the volume fraction of the host material relative to air. The 
lens geometry was designed by using CAD tools for locally 
changing the infill percentage to tailor the permittivities 
accordingly. The entire GRIN lens was then fabricated with 
varying 𝜺𝜺𝒓𝒓 in one-step process using the 3D-printing. This is 
low-cost and enables fast automated repeatable design and 
manufacture. 
II. LENS DESIGN 
The flat GRIN lens was in the form of a disk and its focal 
point was located at its axis of symmetry. For focusing, the 
𝜀𝜀𝑟𝑟 of the lens material was maximum at the centre of the lens 
and minimum at the outermost ring. The 𝜀𝜀𝑟𝑟 of the 3D-printed 
material PLA was characterised to be 2.72 by using Nicolson–
Ross and Weir  method [15]. Therefore the lens was designed 
with 𝜀𝜀𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 2.72 at the centre and 𝜀𝜀𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 1.3 at the edge. The 
designed parameters are shown in Table 1. 
The fabricated lens was comprised of six 10 mm wide 
discrete dielectric concentric rings. The outermost ring had the 
lowest effective permittivity of 1.3, while the centre ring had 
the highest effective permittivity of 2.72. The design principle 
of the discrete rings is shown in Fig. 3. The corresponding 
𝜀𝜀𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  value for each ring was designed to enable them have 
the same focal point O. Hence, the lens would convert the 
spherical wave, emanating from the focal point into a plane 
wave. Fig. 2 shows the variation 𝜀𝜀𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 versus radial distance 
along the lens. In order to obtain the bespoke 𝜀𝜀𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟. The air 
volume fraction was increased from the centre to the 
outermost with the decreased PLA infills to realising the 
desired effective permittivity values. Reducing the width of 
the rings for a smoother permittivity variation would improve 
the accuracy of the focal point and the gain of the lens. 
However, narrow rings with small variations of volume 
fractions were difficult to fabricate accurately due to the 
resolution of this printer.  
  
 
The 3D-printed flat lens with six different infill 
percentages in the concentric rings is shown in Fig. 1. The 
maximum infill at the centre was 100% and the minimum 
infill of the outermost ring was 10.1%. The 3D-printed lens 
had good stiffness to resist deformation or deflection. 
III. LENS MEASUREMENT 
A boresight measurement was set up for preliminary 
testing of the performance of the 3D-printed lens. A Ku-band 
waveguide was used as the source to generate spherical 
wavefronts. The source was placed at the focal point of the 
lens axis, which was 150 mm away from the 3D-printed lens. 
A Ku-band waveguide horn antenna, which was placed at a 
distance of 1.5 m along the lens axis, served as the receiving 
antenna. This antenna was freely moved from theta = -90° to 
theta = +90° for azimuth-plane scanning. 
The gain of the lens was taken as the difference between 
the received powers with and without the lens at boresight 
(theta = 0°). Fig. 4 shows the gain of the lens by normalising 
the received power with the lens to the power of the source at 
over the entire 12 to 18 GHz range. It demonstrates the 
wideband performance of the lens, and that it has 
approximately 8 to 10 dB gain over the frequency of Ku-band.  
The far field pattern in the H-plane of the lens, at the 
centre frequency, 15 GHz, is shown in Fig. 5. The pattern of 
the waveguide source was also measured for as a comparison. 
The two patterns were normalised to the receive power at 
boresight of the waveguide source without the lens. The 
received power was increased by 8 dB at boresight when the 
lens was inserted between the source and the receiving 
antenna. Fig. 5 shows that the half-power beamwidth in the H-
plane is approximately 9°. The peak of the main beam is about 
10.5 dB higher than the first side lobe level. The second lobes 
were contributed by the feed source. A larger lens or a shorter 
focal length would reduce the level of the side lobes.  
IV. DISCUSSION 
This paper has presented a low-cost, light-weight and 
wideband 3D-printed flat lens which can be rapidly prototyped 
and be used for antenna applications. The entire lens weights 
approximately 130g and the material cost is less than $10. The 
12 cm diameter GRIN lens is comprised of six concentric 
rings with different permittivity values. Air voids are created 
inside the lens during 3D-printing fabrication to reduce the 
permittivity of the 3D-printed material to the bespoke values. 
The entire lens is 3D-printed in a single process without the 
need for machining or assembling. The lens provides 8 to 10 
dB gain, over the broad frequency band ranging from 12 to 18 
GHz when illuminated by a source feed located on the axis. 
The directivity enhancement realised by this lens shows its 
potential for numerous antenna applications.  
TABLE 1 DESIGNED PARAMETERS OF 3D-PRINTED LENS 
Parameter Value 
Diameter D = 120.0 mm 
Focus length F = 150.0 mm 
Thickness T = 18.5 mm 
Maximum permittivity and loss εreff = 2.72, tanδ = 0.008 
Minimum permittivity and loss εreff = 1.30, tanδ = 0.003 
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Fig. 1 Sketch of lens design principle 
 
Fig. 2 Effective permittivity values for 3D-printed lens as a function of radius 
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Fig. 3 3D-printed flat lens 
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Fig. 4 Measured normalised gain of 3D-printed lens at boresight 
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Fig. 5 Far field pattern in H-plane of lens and waveguide source at 15 GHz 
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